In this paper, the influence of micro-fractures on the flow of tight reservoirs is studied on the microscopic scale. Three-dimensional digital cores of fractured tight sandstone with varying fracture apertures, lengths, and dip angles are constructed using computed tomography (CT) scans. Pore-network models are built using the three-dimensional digital cores to simulate the flow in tight oil reservoirs. The effects of the micro-fracture aperture, length and dip angle on the pore-throat structure, single-phase flow, and two-phase flow for fracture surfaces with/without roughness are studied. The study demonstrates different influences of micro-fracture characteristics on the flow, and the fracture aperture has the most critical effect. Meanwhile, the roughness of the micro-fracture makes a difference in addition to the three factors of micro-fractures. This paper provides a theoretical basis for the effective development of tight sandstone reservoirs.
Introduction
Tight oil is an unconventional oil and gas resource that is widely distributed around the world [1] . In the past few decades, tight reservoirs have investigated extensively as the focus of the oil industry [2] . Compared with conventional reservoirs, tight oil reservoirs are characterized by more heterogeneous matrix, more complicated pore structures, much lower porosity and permeability [3, 4] . Thus, conventional flow mathematics models based on Darcy's law are no longer valid [5, 6] . The microscopic pore structure of a tight reservoir determines its macroscopic properties and flow law and it has typical multi-scale characteristics [7] . The pore structure consists of abundant micro-fractures which have sizes range from nanometer to micrometer [8] . Due to geological effects such as mineral filling and diagenesis, surfaces of micro-fractures in tight reservoirs are normally rough [9] . The micro-fracture forms the main flow channel in tight reservoirs [10, 11] , which plays an important role in the flow. However, the flow mechanism with the combination of pores and micro-fractures is still unclear [12] . This paper reported on the influence of the variation of the apertures, lengths and dip angles of micro-fractures on a few critical physical characteristics of tight reservoirs. Microscopic flows have been simulated using pore-network models of the tight reservoirs with/without surface roughness [13] . This paper provides a theoretical basis for advanced studies and development of tight sandstone reservoirs.
For macroscopic fractures, Xiaomin et al. [14] revealed the flow law of the fractured-vuggy reservoir through laboratory experiments. Zhao et al. [15] investigated the influences of surface roughness of individual fractures on macroscopic fluid flow and solute transport in complex fracture networks using a discrete element method (DEM). Luo et al. [16] numerically investigated the role of fracture roughness distribution in macroscopic fracture flow based on the empirical relationships of mechanical-hydraulic apertures and the estimated distributions of fracture surface roughness. The apertures of macroscopic fractures are much larger than those of general pores, so that the capillary pressure can be neglected, and the irreducible water and residual oil saturation are much lower. The water-flooding process is approximately classical piston displacement, which follows Darcy's law.
For micro-fractures, J.M. Perez et al. [10] studied the role of micro-fractures in low-permeability reservoirs. Wu et al. [17] proposed a model for gas transport in micro-fractures of shale and tight gas reservoirs. Yang et al. [18] did flow simulation of artificially induced microfractures based on digital rock and Lattice Boltzmann methods, and established the relationships between permeability and fracture parameters. Due to small apertures, large effect of roughness, unneglectable capillary pressure, and sensitive stress, the flow is much complicated without following Darcy's law. Currently, the flow mechanism of the combination of pores and micro-fractures is still unclear, and the study of micro-fractures considering roughness is rare.
In this paper, the micro-scale flow mechanism is studied using the method of micro-flow simulation, which is based on digital cores and pore-network models. The specific research steps [19, 20] are as follows. Firstly, based on computed tomography (CT) scan images, the three-dimensional digital core of a rock sample is constructed and optimized using a numerical algorithm. Then, an equivalent three-dimensional pore-network model is built with the principle of flow similarity and geometric similarity of the microscopic flow. Finally, the pore-network model is used to study characteristics of the core structure, such as geometrical and topological features. In addition, the microscopic flow study is investigated by the flow simulation in porous media.
Materials and Methods

Matrix-Microfracture Digital Core Creation for Tight Reservoirs
Digital Core Construction Based on Computed Tomography (CT) Scans
In this paper, CT scans are used to create digital cores. Using CT scans to create a digital core consists of the following three steps [21, 22] : (1) preparation of the rock sample, and CT scans to obtain projection data; (2) reconstruction of a core gray image based on the projection data; (3) construction of the digital core by isolating pore space and core skeleton in the gray image using binary image segmentation algorithms.
Micro-Fracture Digital Core Construction with/without Roughness
In this study, each digital core is constructed with a micro-fracture with roughness and without roughness. The morphology of a rough surface has a critical influence on many transport physical mechanisms such as the flow resistance of fluid along rough surfaces [23] . Therefore, in order to simulate the matrix micro-fracture system of tight reservoirs accurately, the rough surface must be characterized and used for the digital core construction.
The roughness of a rough surface is considered random and the distribution is disordered. There are two parameters to characterize a rough surface, fractal dimension [24] and scale coefficient [25] . The fractal dimension D f is the magnitude change of surface topography, which represents microscopic complexity of the surface profile. The larger the fractal dimension D f is, more irregular structures with higher complexity on the surface profile. The scale coefficient G is the magnitude of the contour amplitude, which reflects the flatness of the surface.
There are many methods to characterize rough surfaces. One method [26] is to evaluate the rough surface based on its approximate fractal dimension, which is typically between 2 and 3. A surface with the fractal dimension of 2 is a smooth surface; D f of 2.5 indicates a rather rough surface; D f close to 3 indicates that the surface is close to a three-dimensional model. Fractal dimension is an approximation, but we need to note that real surfaces are not fractal in nature over more than a few orders of magnitude of scale. This is because the actual surface size is constant and some new microstructure behavior appears as the surface expands. Therefore, another method [27] is used in this study to characterize rough surfaces, using trigonometric functions similar to the Fourier series expansion, each of which is related to the frequency of a certain spatial oscillation.
The trigonometric function depending on the frequency f of oscillation over time is given by:
Similarly, the oscillation in the space is featured by a corresponding spatial frequency. By replacing the time variable t with the spatial variable x and replacing the time frequency f with the spatial frequency v, the trigonometric function in shown in the following Equation (2) .
As there is more than one dimension of the space, multiple spatial frequencies defined in Cartesian coordinates are used, as shown in Equation (3).
Only a discrete set of spatial frequencies are used to simplify simulation:
where m and n are integers. Thus, a surface consisting of elementary waves can be represented by Equation (5):
Each elementary wave has its amplitude. The simplest way to determine the amplitude is to use coefficients A mn from the Gaussian distribution. However, it is more likely that slow oscillations have larger amplitude than fast ones. For the discrete assumption, the amplitude should be gradually reduced as the spatial frequency increases, as shown in the following Equation (6):
where m and n are spatial frequencies; the spectral exponent β indicates how fast the higher frequency is attenuated. The spectral exponent is related to the fractal dimension of a surface, but only for infinite series covering high frequencies and a certain exponential range. Therefore, as shown by the Equation (7), the amplitude of roughness surface is obtained by using a finite frequency and multiplied by a random function with a Gaussian distribution: a(m, n) = g(m, n)h(m, n)
The phase angle is a random function of spatial frequency shown as Equation (8): Then a rough surface is given by Equation (9):
where x and y are spatial coordinates; m and n are spatial frequencies; a(m, n) is the amplitude; and φ(m, n) is the phase angle.
Using the modeling method of rough surfaces above, digital cores with different surface roughness are shown in Figure 1 . In this paper, the maximal inscribed sphere method [28] is used to extract the pore-network 127 model. Select a point in the pore pixel of the three-dimensional digital core, and then create a sphere 128 with the point as the center, and enlarge the sphere radius until the surface of the sphere touches the 129 nearest rock skeleton. The collection of all the pixels in the spherical region is called the largest 130
sphere. The determination of the pores in the pore-network model is to find the local maximum 131 sphere in a string is considered as a pore, while the smallest sphere between the two largest spheres 132 in a string is classified as a throat. Eventually the entire string structure is simplified to a 133 pore-network model with pores and throats. 134
Structural Features of Pore-Network Models 135
Structural feature distribution [29] of a pore-network model is mainly divided into two 136 categories. One is geometric structure feature distribution, which is used to describe geometric size 137 and shape distribution of the pore-throat unit in the pore-network model. A few parameters are 138 used to evaluate the geometric structure feature distribution: number, radius, length, shape factor of 139 pores and throats, etc. The other type is topological structure distribution, which represents the 140 degree of interconnection between pores and throats in the pore-network model. It is characterized 141 by coordination number and network connectivity function. 142
Flow Simulation of Pore-Network Models 143
We can consider the extracted pore-network model as a quasi-steady state model, that is, the 144 capillary force completely controls the fluid flow [30] . Compared to the capillary pressure, the 145 pressure drop caused by viscous force can be ignored in the model. The flow of fluid from one pore 146 to the other is instantaneous, regardless of the flow process in pores and throats. The fluid flowing in 147 the model is an incompressible Newtonian fluid. According to the pore-network model shown in 148 Figure 2 , the displacement and imbibition can be simulated. 149 
Matrix-Microfracture Pore-Network Model Building for Tight Reservoirs
Extraction of Pore-Network Models
In this paper, the maximal inscribed sphere method [28] is used to extract the pore-network model. Select a point in the pore pixel of the three-dimensional digital core, and then create a sphere with the point as the center, and enlarge the sphere radius until the surface of the sphere touches the nearest rock skeleton. The collection of all the pixels in the spherical region is called the largest sphere. The determination of the pores in the pore-network model is to find the local maximum sphere in a string is considered as a pore, while the smallest sphere between the two largest spheres in a string is classified as a throat. Eventually the entire string structure is simplified to a pore-network model with pores and throats.
Structural Features of Pore-Network Models
Structural feature distribution [29] of a pore-network model is mainly divided into two categories. One is geometric structure feature distribution, which is used to describe geometric size and shape distribution of the pore-throat unit in the pore-network model. A few parameters are used to evaluate the geometric structure feature distribution: number, radius, length, shape factor of pores and throats, etc. The other type is topological structure distribution, which represents the degree of interconnection between pores and throats in the pore-network model. It is characterized by coordination number and network connectivity function.
Flow Simulation of Pore-Network Models
We can consider the extracted pore-network model as a quasi-steady state model, that is, the capillary force completely controls the fluid flow [30] . Compared to the capillary pressure, the pressure drop caused by viscous force can be ignored in the model. The flow of fluid from one pore to the other is instantaneous, regardless of the flow process in pores and throats. The fluid flowing in the model is an incompressible Newtonian fluid. According to the pore-network model shown in Figure 2 , the displacement and imbibition can be simulated.
by coordination number and network connectivity function. 142
Flow Simulation of Pore-Network Models 143
We can consider the extracted pore-network model as a quasi-steady state model, that is, the 144 capillary force completely controls the fluid flow [30] . Compared to the capillary pressure, the During the displacement process, the pressure at the outlet is kept constant, while the displacement phase pressure at the inlet is gradually increased. For each additional pressure, the capillary inlet pressure (valve pressure) of the throats r 1 , r 2 , r 3 , r 4 connected to the pores at the inlet is calculated and sorted in the ascending order. When the displacement phase pressure is larger than the valve pressure of a particular throat, then the displacement phase immediately passes through the throat into the next pore [31] . In the end, the predetermined saturation is reached or all pores are displaced. At each pressure step, the parameters can be calculated, such as the absolute and relative permeability.
The calculation of transport properties is performed on a selected central region of the pore-network in order to minimize boundary effects [32] . When the network is fully saturated with one-phase fluid p, we set a constant pressure drop across the network, and calculate the flow rate Q and the pressure drop ∆P across the selected region. The absolute permeability K pabs is determined as:
where A is the cross-sectional area of the selected region, µ is the viscosity of the fluid p, and L is the length of the region. When the network is saturated with two-phase fluid, the average pressure drop in the non-wetting and wetting fluids at different stages of the displacement across the calculation region is calculated. The water saturation S w and the total flow rates of non-wetting and wetting fluids across the calculation region are also calculated. The relative permeability of fluid p is given by:
Validation of the Simulation Method by Network
In this paper, we took a digital core with a size of 400 × 400 × 400 (pixels), with a resolution of 1.0792 µm/pixel. Accuracy and feasibility of the simulation by the pore-network model should be verified. In order to improve the verification efficiency, we extract several digital cores with the same sizes of 100 × 100 × 100 (pixels) from it, and use two methods for flow simulation respectively.
One method is to simulate with the digital core directly, as shown in Figure 3 . We use the semi-implicit method for pressure-linked equations (SIMPLE) algorithm [33] to calculate the velocity field on the 3D finite volume open-source platform OpenFOAM ® (version 6, OpenFOAM Foundation Ltd., London, United Kingdom) and calculate the absolute permeability. Because the fluid is regarded as an incompressible Newtonian fluid, the continuity and momentum equation [34] [35] [36] [37] are as shown in Equations (12) and (13) respectively. The solver employs the SIMPLE algorithm to solve the equations.
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where u is the flow velocity, p is the pressure, µ is the flow viscosity. 
189
For each digital core, the permeability calculated by the two methods are compared to be 190 approximately equal as shown in Table 1 . Thus, the accuracy and feasibility of the simulation using 191
pore-network models are demonstrated. 192 
Results and Discussion 194
In order to investigate the effects of micro-fractures on the flow of tight reservoirs, digital cores 195 and pore-network models with varying characteristics of micro-fractures are built. In this paper, 196 three critical characteristics are studied, including the aperture, length and dip angle of 197 micro-fractures. For each parameter, digital cores and pore-network models of micro-fractures with 198
and without rough surface are created for simulation. 199 Figure 5 shows digital cores of tight sandstones built with a micro-fracture with the apertures of 200 The other method is to simulate the fluid flow after extraction of the network model of the digital core. As a result, the absolute permeability can be obtained as shown in Figure 4 . 
189
pore-network models are demonstrated. 192 and without rough surface are created for simulation. 199 For each digital core, the permeability calculated by the two methods are compared to be approximately equal as shown in Table 1 . Thus, the accuracy and feasibility of the simulation using pore-network models are demonstrated. 
Results and Discussion
In order to investigate the effects of micro-fractures on the flow of tight reservoirs, digital cores and pore-network models with varying characteristics of micro-fractures are built. In this paper, Energies 2019, 12, 4104 7 of 17 three critical characteristics are studied, including the aperture, length and dip angle of micro-fractures. For each parameter, digital cores and pore-network models of micro-fractures with and without rough surface are created for simulation. Figure 5 shows digital cores of tight sandstones built with a micro-fracture with the apertures of 1 µm, 2 µm, 3 µm, 5 µm, 10 µm, 30 µm or 50 µm. The fractures are not conductive in the Z direction but penetrate in the X and Y directions. Corresponding pore-network models of tight sandstones are constructed, as shown in Figure 6 .
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Effects of Micro-Fractures on Single-Phase Flow 247
In this section, the effects of micro-fractures on single-phase flow are presented. The absolute 248 permeability with respect to the aperture, length and dip angle of micro-factures are shown in 249 Figure 15 . 250
In the following, the simulation results will be discussed for two scenarios: results of models 251 without roughness and with roughness. 252
For the first case, modeling without roughness, the effects of micro-fractures on absolute 253 permeability can be modeled by linear equations shown below. 254
As shown in Figure 15a , the absolute permeability has an exponential growth as the fracture 255 aperture increases, given by: 256 b ka   (14) Where k is the absolute permeability (mD); δ is the fracture aperture (μm); a and b are the 257 parameters related to the rock property. 258
As for the effect of fracture length shown in Figure 15b , the absolute permeability shows a 259 linear correlation with the fracture length given by: 260
Where l is the fracture length (μm); c and d are parameters related to the rock property. 261
Similarly, the absolute permeability is linearly positively correlated with the cosine of the 262 fracture dip angle in the penetration direction of the fracture, shown in Figure 15c . 263
cos k e f   (16) Where θ is the fracture dip angle (μm); e and f are parameters related to the rock property. 264
On the other hand, the effects of micro-fractures on surfaces with roughness are more 265 complicated compared to the ideal case without roughness. 266
The resistance of fluid increases due to retention and drag effects on the fluid of a rough 267 fracture surface, leading to lower absolute permeability. The absolute permeability is also an 268 exponential function of the fracture aperture but with a smaller growth factor compared to the 269 surface without roughness. In addition, the absolute permeability is still linearly correlated with the 270 fracture length when the length is small. Then the absolute permeability suddenly increases when 271 the fracture length reaches 300 μm. Finally, the absolute permeability is no longer linearly positively 272 correlated with the cosine of the fracture dip angle, as shown in Figure 15c . Therefore, only the 273 influence of the micro-fracture aperture on the single-phase flow stays similar for surfaces with and 274 without roughness. 275 Figures 11 and 13 , the fracture aperture and length have the similar effects on the distribution of the pore and throat radii. With larger aperture or length, the distribution of the pore and throat radii are widened with higher peak value. The effects of the fracture aperture and length on the contribution of pore-throat radius to permeability are shown in Figures 12 and 14 . When the fracture aperture and length are increased, the contribution of pore and throat radius to permeability has larger distribution with larger radius.
As shown in
In addition, it is shown that the distribution of pore-throat radius is larger for pore-network models with roughness compared to those without roughness. The presence of coarse particles makes pore-throat structures more diverse, which can also be seen visually from the constructed pore-network models. For models with roughness, the contribution of the pore-throat radius to permeability has larger distribution in the region where the pore and throat radii are small.
Effects of Micro-Fractures on Single-Phase Flow
In this section, the effects of micro-fractures on single-phase flow are presented. The absolute permeability with respect to the aperture, length and dip angle of micro-factures are shown in Figure 15 .
In the following, the simulation results will be discussed for two scenarios: results of models without roughness and with roughness.
For the first case, modeling without roughness, the effects of micro-fractures on absolute permeability can be modeled by linear equations shown below.
As shown in Figure 15a , the absolute permeability has an exponential growth as the fracture aperture increases, given by:
where k is the absolute permeability (mD); δ is the fracture aperture (µm); a and b are the parameters related to the rock property.
As for the effect of fracture length shown in Figure 15b , the absolute permeability shows a linear correlation with the fracture length given by:
where l is the fracture length (µm); c and d are parameters related to the rock property. Similarly, the absolute permeability is linearly positively correlated with the cosine of the fracture dip angle in the penetration direction of the fracture, shown in Figure 15c .
where θ is the fracture dip angle (µm); e and f are parameters related to the rock property.
284 285  286  287  288  289  290  291  292  293  294  295  296 each other. They can hardly intersect, and the influence of separation is inappreciable in terms of the large aperture. Thus, the change of the absolute permeability of the core with a rough fracture is mainly related to the aperture, and it also satisfies the power-law relationship numerically. On the whole, the core with a rough fracture has a lower absolute permeability than that of the core with a smooth fracture. This is because the fluid is retained and dragged in the pores and throats in the rough fracture, and the resistance to the fluid increases, causing a decrease in the absolute permeability. From the rectangular box in Figure 15b , the absolute permeability suddenly increases when the fracture length reaches 300 μm or more. To figure out the reason of this phenomenon, the digital cores and pore-network models of the tight sandstone with the fracture of length 300 μm are studie On the other hand, the effects of micro-fractures on surfaces with roughness are more complicated compared to the ideal case without roughness.
The resistance of fluid increases due to retention and drag effects on the fluid of a rough fracture surface, leading to lower absolute permeability. The absolute permeability is also an exponential function of the fracture aperture but with a smaller growth factor compared to the surface without roughness. In addition, the absolute permeability is still linearly correlated with the fracture length when the length is small. Then the absolute permeability suddenly increases when the fracture length reaches 300 µm. Finally, the absolute permeability is no longer linearly positively correlated with the cosine of the fracture dip angle, as shown in Figure 15c . Therefore, only the influence of the micro-fracture aperture on the single-phase flow stays similar for surfaces with and without roughness.
When the aperture is relatively small, the absolute permeability of the core with a rough fracture fluctuates up and down with the increase of the fracture aperture. This is because the actual situation is fully considered when the roughness is simulated, so that the roughness model has randomness.
Near to each other, the two faces of a fracture may intersect or separate. If intersectant, they will hinder the flow. If separate, they will broaden the flow channel. Therefore, when the fracture aperture is small, the random distribution of the two cases has a large increase or decrease in the absolute permeability, so the absolute permeability fluctuates with the apertures.
However, when the fracture aperture is relatively large, the two faces of a fracture are far from each other. They can hardly intersect, and the influence of separation is inappreciable in terms of the large aperture. Thus, the change of the absolute permeability of the core with a rough fracture is mainly related to the aperture, and it also satisfies the power-law relationship numerically. On the whole, the core with a rough fracture has a lower absolute permeability than that of the core with a smooth fracture. This is because the fluid is retained and dragged in the pores and throats in the rough fracture, and the resistance to the fluid increases, causing a decrease in the absolute permeability.
From the rectangular box in Figure 15b , the absolute permeability suddenly increases when the fracture length reaches 300 µm or more. To figure out the reason of this phenomenon, the digital cores and pore-network models of the tight sandstone with the fracture of length 300 µm are studied, as shown in Figure 16 . It is found that the fracture reaches a space near the core edge, and there are lots of pores with bad connectivity near but out of the fracture. However, the presence of roughness can connect them effectively because the wall of the crack has fluctuations. Thus, the absolute permeability increases substantially. 
Effects of Micro-Fractures on Two-Phase Flow 304
The relative permeability of two-phase flow is also studied, as shown in Figure 17 . As the 305 fracture aperture increases, the irreducible water saturation and the residual oil saturation decrease, 306 and the isotonic point shifts to the right. With the same fracture aperture, the relative permeability of 307 the oil phase and the water phase has no noticeable change with the different fracture length or dip 308 angle. Therefore, the fracture aperture has the most significant influence on the micro-fracture of the 309 two-phase flow. 310
As the fracture aperture increases under water saturation, the seepage capacity of the water 311 phase is weakened and the seepage capacity of the oil phase is enhanced. However, with the further 312 increase of the fracture aperture, the relative permeability of the oil phase decreases slightly. The 313 main reason is that the further increase of the fracture aperture makes the flow velocity of the water 314 phase become larger. Additionally, it is easy to capture the oil phase, which makes the oil phase 315 prone to discontinuity, resulting in a decrease in the relative permeability of the oil phase. 316
The irreducible water and residual oil saturation with varying fracture parameters are 317 simulated, as shown in Figure 18 . 318
It can be seen that the irreducible water saturation of the tight core remains basically 319 unchanged, and the residual oil saturation is mainly related to the aperture due to the variation 320 range. As the aperture increases, the residual oil saturation of the tight core decreases, and the 321 decrease rate is high at the first stage and low at the second stage. With roughness, the residual oil 322 saturation may have fluctuations when the aperture is relatively small, but with the increase of 323 apertures, it shows the same variation tendency as that of the core with a smooth fracture. 324
The residual oil saturation firstly decreases at a fast rate, because the permeability of the oil 325 phase increases remarkably with the increase of the micro-fracture aperture. The further increase of 326 Figure 16 . The digital cores with the fracture of length 300µm without roughness (a) and with roughness (c); the pore-network models with the fracture of length 300 µm without roughness (b) and with roughness (d).
Effects of Micro-Fractures on Two-Phase Flow
The relative permeability of two-phase flow is also studied, as shown in Figure 17 . As the fracture aperture increases, the irreducible water saturation and the residual oil saturation decrease, and the isotonic point shifts to the right. With the same fracture aperture, the relative permeability of the oil phase and the water phase has no noticeable change with the different fracture length or dip angle. Therefore, the fracture aperture has the most significant influence on the micro-fracture of the two-phase flow.
As the fracture aperture increases under water saturation, the seepage capacity of the water phase is weakened and the seepage capacity of the oil phase is enhanced. However, with the further increase of the fracture aperture, the relative permeability of the oil phase decreases slightly. The main reason is that the further increase of the fracture aperture makes the flow velocity of the water phase become larger. Additionally, it is easy to capture the oil phase, which makes the oil phase prone to discontinuity, resulting in a decrease in the relative permeability of the oil phase.
The irreducible water and residual oil saturation with varying fracture parameters are simulated, as shown in Figure 18 .
It can be seen that the irreducible water saturation of the tight core remains basically unchanged, and the residual oil saturation is mainly related to the aperture due to the variation range. As the aperture increases, the residual oil saturation of the tight core decreases, and the decrease rate is high at the first stage and low at the second stage. With roughness, the residual oil saturation may have fluctuations when the aperture is relatively small, but with the increase of apertures, it shows the same variation tendency as that of the core with a smooth fracture. in the core with a smooth fracture as a whole. In addition, the presence of voids in each rough 342 fracture wall causes a small portion of the oil to be trapped, which also increases the residual oil 343 saturation. 344 The residual oil saturation firstly decreases at a fast rate, because the permeability of the oil phase increases remarkably with the increase of the micro-fracture aperture. The further increase of the fracture aperture makes the flow speed of the water phase become larger. Capturing the oil phase makes the oil phase prone to discontinuity, which hinders the flow of the oil phase, so the residual oil saturation decreases at a low rate at the second stage with the further increase of the aperture.
Meanwhile, compared with the core with a smooth fracture, on the condition of the same fracture aperture, the residual oil saturation of the core with a rough fracture is higher, and the irreducible water saturation is lower. The reason for this phenomenon is as follows. In hydrophilic rock, water is distributed on the surface of micro-fractures or particles, and flows along the surface, so the flow resistance is large. However, oil flows in the middle of micro-fractures or pores, and the resistance is small. When the degree of roughness is high, the actual area which the fluid flows through a section of the fracture wall is relatively large. Due to the hydrophobic effect of the rough surface on the fluid, the apparent contact angle is increased, and the hydrophilicity of the rock is weakened. The relative permeability of oil tends to decrease, and the relative permeability of water tends to increase, so the isotonic point moves to the left. Therefore, in the hydrophilic channel, the residual core has a higher residual oil saturation and a lower irreducible water saturation than those in the core with a smooth Energies 2019, 12, 4104 14 of 17 fracture as a whole. In addition, the presence of voids in each rough fracture wall causes a small portion of the oil to be trapped, which also increases the residual oil saturation. 
Conclusions 355
In this paper, the effects of the micro-fracture aperture, length and dip angle on the pore-throat 356 structure, single-phase flow, and two-phase flow with/without surface roughness are studied on the 357 microscopic scale. While the aperture, length, and dip angle of micro-fractures all influence the flow, 358 the fracture aperture is the most significant factor. Meanwhile, the roughness of the micro-fracture 359 makes a difference. 360
For a micro-fracture without roughness, as the fracture aperture (or length) increases, the 361 distribution of pore radius and throat radius becomes wider. The contribution of the pore and throat 362 radius to the permeability is mainly distributed in the area where the pore and throat radius are 363 large. For a single-phase flow, the absolute permeability in the fracture penetration direction is in a 364 power-law relationship with the micro-fracture aperture, linear with the micro-fracture length, and 365 linear with the cosine of the micro-fracture dip angle. For a two-phase flow, the irreducible water 366 saturation basically remains unchanged, and the residual oil saturation is mainly related to the 367 fracture aperture. As the aperture increases, the residual oil saturation decreases, and the rate of 368 decrease is high at the first stage and low at the second stage. 369
For a micro-fracture with roughness, the pore throat structure is more diversified due to the 370 roughness. The distribution of the radius of pores and throats is wider. The contribution of the pore 371 
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In this paper, the effects of the micro-fracture aperture, length and dip angle on the pore-throat structure, single-phase flow, and two-phase flow with/without surface roughness are studied on the microscopic scale. While the aperture, length, and dip angle of micro-fractures all influence the flow, the fracture aperture is the most significant factor. Meanwhile, the roughness of the micro-fracture makes a difference.
For a micro-fracture without roughness, as the fracture aperture (or length) increases, the distribution of pore radius and throat radius becomes wider. The contribution of the pore and throat radius to the permeability is mainly distributed in the area where the pore and throat radius are large. For a single-phase flow, the absolute permeability in the fracture penetration direction is in a power-law relationship with the micro-fracture aperture, linear with the micro-fracture length, and linear with the cosine of the micro-fracture dip angle. For a two-phase flow, the irreducible water saturation basically remains unchanged, and the residual oil saturation is mainly related to the fracture aperture. As the aperture increases, the residual oil saturation decreases, and the rate of decrease is high at the first stage and low at the second stage.
For a micro-fracture with roughness, the pore throat structure is more diversified due to the roughness. The distribution of the radius of pores and throats is wider. The contribution of the pore and throat radius to the permeability is mainly distributed in the area where the pore and throat radius are small. For a single-phase flow, the resistance of the fluid increases due to the retention and drag effects on the fluid of the rough fracture surface, thereby causing the absolute permeability to be smaller. For a two-phase flow, a small portion of the oil is trapped in the void due to the existence of voids in each rough fracture wall, and the residual oil saturation is higher. 
